.
On larger scales, ions couple to the newly reconnected magneticfield lines and are ejected away from the diffusion region in the form of bi-directional ion jets at the ion Alfvén speed [3] [4] [5] . Much of the energy conversion occurs in spatially extended ion exhausts downstream of the diffusion region 6 . In turbulent plasmas, which contain a large number of small-scale current sheets, reconnection has long been suggested to have a major role in the dissipation of turbulent energy at kinetic scales [7] [8] [9] [10] [11] . However, evidence for reconnection plasma jetting in small-scale turbulent plasmas has so far been lacking. Here we report observations made in Earth's turbulent magnetosheath region (downstream of the bow shock) of an electron-scale current sheet in which diverging bi-directional super-ion-Alfvénic electron jets, parallel electric fields and enhanced magnetic-to-particle energy conversion were detected. Contrary to the standard model of reconnection, the thin reconnecting current sheet was not embedded in a wider ion-scale current layer and no ion jets were detected. Observations of this and other similar, but unidirectional, electron jet events without signatures of ion reconnection reveal a form of reconnection that can drive turbulent energy transfer and dissipation in electron-scale current sheets without ion coupling.
The magnetosheath region, which is located downstream of Earth's bow shock and consists of shocked solar wind, is highly turbulent. This region often contains hundreds of small-scale current sheets in which magnetic reconnection could potentially occur 9, 10, 12 (Fig. 1c) . Many of these sheets are thin (ion inertial length scales or smaller), typically convecting past an observing spacecraft in a few seconds or less. If standard reconnection (Fig. 1a) were to operate in turbulent current sheets, then the ion jets in the extended exhausts should be the easiest reconnection signature to detect. Although electric-field and magnetic-field structures consistent with standard reconnection have been reported 9, 10 , in situ plasma measurements of the jets were not obtained for these thin current sheets because the data resolution using instruments on previous spacecraft (typically a few seconds per velocity measurement) was not sufficient to determine their presence or absence.
The four-spacecraft Magnetospheric Multiscale (MMS) mission, launched in 2015 and designed to reveal the kinetic physics of reconnection in near-Earth space, is flying in an electron-skin-depth-scale (about 7-10 km) tetrahedral formation. It measures three-dimensional electron and ion distributions at up to 7.5-ms and 37.5-ms resolution 13 , respectively, which are 400 times and 80 times better resolved than previously available data. MMS observations of current sheets in the turbulent magnetosheath have revealed thin current sheets 14 , fast electron flows 15, 16 and electron heating 12, 16 . These characteristics are similar to those observed in the electron-diffusion region of standard reconnection in large-scale current sheets at the outer edge of the magnetosphere (the magnetopause) 2, 17 and in the laminar magnetosheath (which originate in the solar wind) 18, 19 . However, ion jets, which should occur over a larger scale and therefore be more easily observed if standard reconnection is present in the current sheets in the turbulent magnetosheath, remain elusive. This raises the question of whether fast electron flows in these current sheets are produced by some process(es) besides reconnection.
Here we report the serendipitous simultaneous multi-spacecraft detection of oppositely directed super-ion-Alfvénic electron jets, parallel electric fields and magnetic-to-particle energy conversion in an electron-scale current sheet in the magnetosheath, providing direct evidence for reconnection without ion-scale coupling in turbulence.
In Fig. 2a-c we show the large-scale context of the MMS observations in the subsolar magnetosheath region on 2016 December 9 at 8:58-9:43 ut, with large fluctuations in both the magnitude of the magnetic field (Fig. 2a ) and its components (Fig. 2b) . Figure 2d -g reveals these fluctuations to be sharp changes in the magnetic field associated with large spikes in current density j, many with |j| > 2 μA m −2 and comparable to the peak current densities observed in the electron-diffusion region at Earth's magnetopause 2, 17, 20 . Such large current densities across magnetic-field variations of a few tens of nanotesla imply current-sheet widths of a few tens of kilometres or less, less than the ion inertial length d i of about 50 km in this interval. Closer inspection of the variations in current density and magnetic field throughout the interval in Fig. 2 reveals a range of current-sheet thicknesses: many, but not all, are of sub-ion scales.
To distinguish the regular fast electron flows associated with any thin current sheet from electron jets due to reconnection, data should be examined in a current-sheet ('LMN') coordinate system: the currentsheet normal points along N, L is along the anti-parallel magneticfield direction and M = N × L is in the out-of-plane ('X-line') direction (Fig. 1a ). In such a frame, the main current is in the M direction, while the bi-directional reconnection outflows are in the ±L directions (Fig. 1b) . Definitive evidence for reconnection would be the simultaneous detection of oppositely directed plasma outflow jets by two spacecraft located on opposite sides of the X-line (Fig. 3d, n) and the associated reversal of B L (Fig. 3a, k) . The speed V eM is comparable to the inflow electron-Alfvén speed of V AeL = 1,000 km s −1 based on B L ≈ 5 nT and an electron number density of 20 per cubic centimetre.
Coincident with the intense current layers, MMS 3 and MMS 1 simultaneously observed oppositely directed electron jets in the outflow (L) direction, with ΔV eL ≈ + 250 km s −1 at MMS 3 ( Fig. 3c ) and ΔV eL ≈ −450 km s −1 at MMS 1 ( Fig. 3m ), relative to an external electron flow in the L direction of V eL ≈ + 150 km s −1
. The speeds of these electron outflow jets were roughly 10-18 times the asymptotic ion-Alfvén speed (based on B L ) of V AiL ≈ 25 km s −1
. As expected for a reconnection geometry with inflow from both sides, the changes in B L for MMS 1 are correlated with those in V eL in the first part of the field change and anti-correlated in the second half, whereas for MMS 3 the reverse holds. An exception to this behaviour is that MMS 3, but not MMS 1, observed an electron jet with ΔV eL ≈ −300 km s −1 at the right edge of the current sheet that is opposite to the main ΔV eL jet (Fig. 3c) . Simulations of standard reconnection with a strong guide field have shown such ΔV eL edge jet 21 . The lack of a reversed jet at the edge of the current sheet at MMS 1 is currently not understood.
The measurements of oppositely directed electron outflow jets at MMS 1 and MMS 3 are further supported by the higher-resolution (0.125 ms) measurements of the L component of the field-line velocity E × B/B 2 (where E is the electric field and B is the magnetic field), which was negative at MMS 1 and positive at MMS 3 (except for a negative dip at the right edge, similar to that in V eL ) (Fig. 3q, g ). These (E × B/B 2 ) L outflows were predominantly perpendicular to the magnetic field, owing to the large B M (Fig. 3a, k) ; E N (Fig. 3e, o) , which is opposite at the two spacecraft, together with the dominant B M , drives the outflows. Crucially, MMS 3 was located 7.1 km in the + L direction relative to MMS 1 so that the observations are consistent with diverging jets from a reconnection X-line located between the two spacecraft as they pass through the reconnecting current sheet. There was no evidence for ion jets (ΔV iL ) at the ion-Alfvén speed (Fig. 3b, l) within the thin current sheet. That ion jets are absent is not surprising, because the thickness of the current sheet was only 0.09d i (or 0.08 ion gyroradius) and the observations were made within 7d e of the X-line.
What is surprising, however, is that the electron-scale reconnecting current sheet was not embedded inside a much larger ion-scale current sheet, as would be expected (and observed) in standard reconnection 1, [18] [19] [20] 22 (Fig. 1a) . The absence of an outer ion-scale current sheet can be seen in Fig. 3a , k (see also Extended Data Fig. 1 ), which shows B L reaching its asymptotic values immediately outside the thin current sheet.
Both spacecraft detected well defined parallel electric fields (Fig. 3f, p) , which implies that the 'electron frozen-in condition' (E′ = E + V e × B = 0) was violated. Furthermore, j · E′ was positive (Fig. 3j, t) and dominated by j || E || , indicating non-ideal magnetic-toparticle energy conversion 23 characteristic of the electron-diffusion region. However, unlike for standard reconnection, where most of the magnetic energy is converted into ion jetting and heating, here, half of the available magnetic energy per particle (half of 6 eV) in the inflow regions (m e (V AeL ) 2 , where m e is the electron mass) goes into kinetic energy associated with ΔV eM and ΔV eL , which are 90% and 45% of V AeL , respectively. The remaining half (3 eV), if converted entirely into electron heating, would lead to an increase in electron temperature of (3 eV) × (γ−1)/γ ≈ 1 eV in the reconnecting current sheet 24 , where γ = 5/3 is the ratio of specific heats. Such a small temperature increase would not be discernible in the data (Fig. 3i, s) .
Within the 21-min burst data intervals shown in Fig. 2a , there were 34 other isolated current sheets with |j| > 2 μA m −2 , which implies sub-ion-scale current-sheet widths. Surprisingly, the majority of these current sheets had low magnetic shears (that is, strong guide fields): 23 of the 34 events had magnetic shear of less than 45°. All 34 sheets had a fast out-of-plane electron velocity V eM consistent with the large current density j M , but only 16 displayed clear super-ion-Alfvénic V eL jets that could be related to reconnection. In each of these cases, all four spacecraft detected V eL pointing in the same direction and were The reconnection configurations in a and b are displayed in the current-sheet (LMN) coordinate system. a, In standard reconnection, the magnetic topology changes in the small electron-diffusion region (EDR) around the X-line, but most of the magnetic-to-particle energy conversion happens in the extended exhausts, with bi-directional ion jetting and heating. The width of the electron-diffusion region (along N) is of the order of the electron skin depth d e , whereas its length along ± L could be up to an ion inertial length, d i = 43d e . The electrondiffusion region is embedded in an ion-diffusion region (IDR), whereas the magnetohydrodynamic-scale reconnection exhaust can extend thousands of d i (along L) away from the X-line 5 . b, Schematic of reconnection in an electron-scale current sheet involving only electrons, with no ion coupling. The entire current sheet is essentially the electron-diffusion region, having a single (electron) scale with embedded bi-directional super-ion-Alfvénic jets. MMS 1 and MMS 3 trajectories through the current sheet relative to the X-line are overlaid (dashed arrows), deduced on the basis of the directions of the electron jets observed on 2016 December 9 at around 09:03:54 ut (and shown in Fig. 3) . MMS 1 and MMS 3 were on opposite sides of the X-line detecting bi-directional electron jets. The slanted spacecraft trajectories take into account the likely motion (in the spacecraft frame) of the X-line due to the presence of an external electron flow along + L of about 150 km s Letter reSeArCH therefore embedded in the same jet. The scarcity of unambiguous reconnection events with divergent jets (which implies that the X-line is located between the spacecraft) is probably due to the small (about 7 km or 7d e ) separations between the spacecraft.
We found no evidence for reconnection ion jetting associated with any of the electron outflow jet events, or in any other (including ionscale-thick) current sheets in the 21-min interval (see examples in Extended Data Fig. 2 ). This finding is in stark contrast to standard models of reconnection in which the ion exhaust jets should be easier to detect than the electron-diffusion region because they extend large distances from the X-line.
The absence of ion reconnection signatures suggests that, in these turbulent magnetosheath plasmas, there is insufficient space and/ or time for the ions to couple to the magnetic structures. This could occur not only because the widths of the current sheets are of electron scales, but also if the overall dimensions of the current sheets are limited because ion coupling requires some minimum lengths along the exhaust 25 (L) and X-line 26 (M) directions. A hybrid simulation study of resistive reconnection with no guide field 25 suggests that ions become decoupled when the length of the current sheet in the L direction (Fig. 1c) falls below about 10d i . If such an ion decoupling scale also exists in strong-guide-field collisionless reconnection, although potentially at a smaller scale than 10d i , then it could account for our observed lack of ion coupling in reconnection in the magnetosheath, in which the coherence scales of magnetic structures have been reported 27 to be of the order of d i .
The experimental discovery of electron-only reconnection reveals that reconnection operates differently in current sheets with small is the electron number density) computed from plasma measurements. Throughout the interval in a-c, the angle between the magnetic field of the solar wind and the Sun-Earth line was less than 30° and the subsolar bow shock was quasi-parallel. The spike in current density at around 09:03:54 ut (indicated by the red arrow in g) is the bi-directional electron jet event, shown in detail in Fig. 3 . Red horizontal bars in a denote burst data intervals totalling 21 min, selected by the MMS scientist on duty because they contained a large number of high-amplitude magnetic-field fluctuations (with ΔB/B ≈ 0.5), suggestive of current sheets that could be prone to reconnection.
Letter reSeArCH overall dimensions. Our finding supports the long-held idea that reconnection has a role in dissipating the energy associated with plasma turbulence in space and astrophysical systems, although the scale for dissipation by reconnection would be at the electron scale instead of the ion scale. To assess the importance of reconnection in dissipating turbulence energy in small systems quantitatively, the basic properties of electron-only reconnection (such as the rate, duration and onset conditions of reconnection) will need to be investigated theoretically and observationally. These properties could differ substantially from those known from the standard model of reconnection.
Data availability
The entire MMS dataset is publicly available at https://lasp.colorado.edu/mms/ sdc/public/.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0091-5.
Received: 7 December 2017; Accepted: 30 January 2018; Published online 9 May 2018. 
Time since 2016 December 9 09:03 UT (s) 5-ms electron and 37.5-ms ion data products were generated by separating the individual energy sweeps that were used to form the nominal burst-mode distribution functions. These data maintain sufficient angular coverage to recover accurate plasma moments at four times the nominal temporal resolution 13 . d, n, Current density (j LMN ) from plasma measurements. e, o, Electric field 28 in the spacecraft frame (E LMN ) at 8,196 samples per second. f, p, Electric-field component parallel to the magnetic field (E || ). g, q, (E × B/B
2 ) LMN velocity. h, Electron density (N e ). i, Electron temperature (T e ). j, t, j · (E + V e × B) = j · E′. The LMN coordinate system was determined using a hybrid minimum-variance method, which often works best in low-magnetic-shear current sheets 29 . The current-sheet normal direction N was determined from B 1 × B 2 /|B 1 × B 2 |, where B 1 and B 2 are the fields at the two edges of the current sheet. We define M = L′ × N, where L′ is the direction of maximum variance of the magnetic field 30 ; L = N × M. MMS 3 was located at L = + 7.1 km, M = + 3.3 km and N = + 1.6 km relative to MMS 1. Data from all four spacecraft are shown in Extended Data Fig. 3 .
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